In the global will of reducing fossil energy consumption and greenhouse gas emission in the building sector, the use of bio-based insulating materials is gaining interest thanks to their profitable properties and their suitability for the renovation of ancient buildings made out of unconventional materials. However, such materials are still lacking of characterization, and more precisely of on-site evaluation, as no complete measurement protocol is available. The starting point to fill this gap would be to set-up a protocol for whole building instrumentation, and this paper is investigating questions arisen in that goal, and more precisely regarding the impact of sensor locations on the assessment of key parameters. For that purpose, instrumented polystyrene and hemp concrete wallets of dimensions 0.9 × 0.9 × 0.1 m 3 with well-known thermal and hydric characteristics are tested within a double climatic chamber. The impact of temperature sensor locations and implementations are tested through indirect estimation of the thermal conductivities of the materials composing the wallets. The effect of the hygrothermal processes on the measurement of thermal performance is also investigated through the analysis of the wall global transmittance. These results finally allow to provide some recommendations concerning the on-site instrumentation of hemp concrete walls.
Introduction 1
The energy cost of buildings is due to their consumptions (heat, ventilation...), but also to the embodied energy required for their construction, their rehabilitation as well as their dismantling. In this context, the use of bio-based insulating materials like hemp concrete is gaining interest. Indeed, they allow to drastically reduce fossil energy consumption and greenhouse gas emissions associated with the manufacture compared to conventionally used materials for building insulation such as rock wool or fiberglass [1] .
They are renewable, extracted from biomass and have promising thermal and acoustical characteristics [2] [3] [4] [5] . In addition, thanks to their ability to allow diffusion of water vapor within their porous network [6] , these materials present an alternative option to isolate and rehabilitate buildings made with non-industrial materials (rammed earth, cob, adobe,...) and whose stability requires to maintain a water exchange with the outside [7] [8] [9] [10] .
Their permeability to vapor, when combined with their strong affinity with water molecules, make them hygroscopic materials [11] . In other terms, they may be used as passive regulation systems of indoor air relative humidity, which is very important for building occupants as it can significantly influence their comfort, health, and productivity. Indeed, extremely low levels of relative humidity (below 20%) may cause eye or skin irritations and dry the nasal mucous membranes, resulting in a higher risk of respiratory infections. On the other hand, high levels of relative humidity may lead to the development of fungi, which can cause allergies as manifested by asthma and rhinitis [12, 13] , and the emission of volatile organic compounds is favored [14] . Nowadays, there is consensus that indoor relative humidity should remain between 40% and 60%. At building scale, it was shown that the use of hygroscopic materials leads to a significant reduction of moisture variation amplitudes, which thus induces energy savings on ventilation [15] .
The thermal conductivity of hemp concrete depends on its formulation, its implementation and its water content. When it is measured in laboratory, it commonly ranges from 70 mW•m •K -1 [16] , which is quite high for an insulating material. In comparison, the thermal conductivities of expended polystyrene and glass wool are about 40 mW•m
. However, the thermal performance of hygroscopic insulating systems such as hemp concrete is commonly above what can be expected when only their thermal conductance and thickness are considered. These higher performances can be attributed to the latent heat associated with the liquid-to-vapor phase change of the water located in the porous network of the material. An increasing number of research publications focuses on assessing these phenomena within hygroscopic walls and modeling them [17, 18] . It leads to the development by the scientific community of a fairly high number of codes and procedures. One of the more visible studies in this field was conducted within the HAMSTAD project (cf. the series of publication in Journal of Thermal environment and Building Science n° 27 in 2004, and in particular [19] ). But, most of the studies remains either theoretical and/or at the laboratory scale, while on-site analysis at the building scale would be necessary to clearly assess the real impact of hygroscopic materials on the building performance. The first reason can be the in-situ material properties, as well as the testing conditions, which are potentially very different from those estimated in the laboratory, in particular since the inhabitants' behavior is difficult to predict and/or record. Secondly, the interactions and couplings between the several elements composing the building are still not totally understood.
In order to fill this gap, the starting point would be to set up a proper instrumentation protocol for buildings with hygroscopic materials. Indeed, even if few studies expose some feedback on ambiances and walls instrumentations [20] [21] [22] [23] , no clear assessment is made on the influence of sensor types and/or positions.
In this context, this paper aims at clarifying some experimental methodology and precautions to consider for the instrumentation of hygroscopic walls. For that purpose, instrumented polystyrene and hemp concrete wallets of dimensions 0.9 × 0.9 × 0.1 m 3 with well-known thermal and hydric characteristics are tested within a double climatic chamber. The impact of temperature sensor locations and implementations are tested through indirect estimation of the thermal conductivities of the materials composing the wallets. The effect of the hygrothermal processes on the measurement of thermal performance is also investigated through the analysis of the wall global transmittance. These results finally allow to provide some recommendations concerning the on-site instrumentation of hemp concrete walls.
Materials and methods 2

Studied materials 2.1
The binder used in this study is the CalcoBlanc from ParexLanko. It is mixed with water and hemp with a hemp to binder mass ratio of 0.33 and a water to binder mass ratio of 0.88. The mixture is then compacted in 8 successive layers within a framework whose internal dimensions are 0.9 × 0.9 × 0.10 m 3 . The average wet density after manufacture was 700 kg•m -3 . One of the wall surfaces is coated with a 2 cm thick lime-sand plaster.
In addition to the wall, the same batch was used to realize cylindrical samples (diameter of 16cm and length of 32 cm) and plates (0.3 × 0.3 × 0.06 m 3 ). These samples were used for porous, hydric and thermal laboratory characterizations. The wet density of these samples just after fabrication was the same as the wall's one. The apparent dry density of the hemp concrete, , is measured from the weighting of the cylinders dried at 60°C, and the porosity, is estimated with a nitrogen pycnometer (Ultrapyc 1200e), through the relation :
/ , where is the density of the skeleton estimated with the pycnometer. It leads to 440 kg•m 3 when the relative humidity is between 30% and 80%. The water vapor resistance ( ) was estimated with the wet and dry cup methods. The wet cup method consisted in placing the sample on top of a box containing a salt solution of Potassium Chloride to maintain a RH level of 85%. Silica gel was used for the dry cup method to maintain a RH level of 5%. The samples with its box were then stored in a climatic chamber maintained at a RH level of 50% and a temperature of 23°C. The data analysis was made following the methodology presented in [24] . It consists in taking into account a correction due to the skin effect of the tested material, which is quantified from the diffusion tests on samples of at least three different thicknesses. At the end, the value of the water vapor resistance factor was found to be same and equal to 3.4 for these three conditions. It follows that the coefficient of permeability of liquid water in this range of relative humidity can be assumed to be null [25] . Finally, the thermal conductivity, , is measured with a hot wire apparatus (Neotim -FP2C) which was found to give similar results than a hot plate apparatus (HFM -Netsch) on a similar hemp concrete material [26] . It leads to a dry thermal conductivity of 135 mW•m
In addition to the hemp concrete wall, calibration tests were made on an expanded polystyrene wall whose thermal properties are known to be equal to = 40 mW•m 
Test conditions and instrumentation 2.2 scheme
The walls were tested in a double climatic chamber that allows the regulation of temperature and relative humidity on each side of the wall, independently to each other. Their instrumentations are illustrated in Figure 1 . Two temperature sensors were placed in the middle of the polystyrene wall. The first one, called top-middle temperature sensor, is inserted from the top of the sample, while the other one, called side-middle temperature sensor, is inserted from the left side of the sample. The aim of these two measurements is to scan the impact of the temperature sensor implementation on the measurement accuracy. The hemp concrete wall is instrumented with three internal temperature and relative humidity sensors, localized at the coating-wall interface (denoted by T E ), and at 3cm and 7cm from this interface (respectively denoted by T 1 and T 2 ). The sensors were inserted from the top of the wall through a hole which were made after its setting. This option was preferred to the introduction of the sensors during the manufacturing process to avoid any condensation issues within the sensors active cell. In addition, an attempt was made to measure the water content of the wall with TDR sensors following the approach presented in (Chabriac et al., 2005) . However, the interference noise was found to be of the same order of magnitude as the signal variation due to the water content modification. For this experiment, their use does not appear optimal in the case of hygroscopic material, but more studies are needed on that point to draw a definitive conclusion. Finally, on both surfaces of each wall, incoming heat flux and temperatures were measured. The average value of the heat flux is denoted by q, while the surface temperatures are denoted by T sL for the left surface and T sR for the right surface.
Temperature and heat flux measurements 3
Measurement of the thermal conductivity 3.1
Assuming that the thermal behavior of the wall is under a pseudo-static state, the thermal conductivity can be measured through the relation: and and the measured temperatures at the locations and , while is the distance between and .
Impact of thermal bridge on 3.2 measurements
The impact of the implementation of the temperature sensor on the measurement accuracy was studied on the polystyrene wallet.
For that purpose, the thermal solicitation consists in imposing a temperature difference of 20°C between the two climatic chambers. To scan the reversibility of the measurements, two steps are considered. In the first one, the left chamber was hold at 40°C while the right one was hold at 20°C. In the second one, it was the opposite: 20°C for the left chamber and 40°C for the right one. The pseudo-static state was assumed to be reached when the values given by the two heat flow meters were constant and almost opposite from one surface to another. The thermal conductivity of the wall was then estimated trough the equation (1), for the two steps and considering the following five combinations of thermocouples:  Middle from top -surface L: calculation made with the data of the temperature sensor inserted in the wall from its top and the left surface temperature sensor.  Middle from top -surface R: calculation made with the data of the temperature sensor inserted in the wall from its top and the right surface temperature sensor.  Middle from surface -surface L: calculation made with the data of the temperature sensor inserted in the wall from its right surface and the left surface temperature sensor.  Middle from surface -surface R: calculation made with the data of the temperature sensor inserted in the wall from its right surface and the right surface temperature sensor.
 Surfaces R&L: calculation made with the data of the two surface temperature sensors.
The measurements are presented in Figure 2 and the deduced thermal conductivities are gathered in Table 1 .
It can be noticed that the use of the sensor "middle from top" leads to a good estimation of the thermal conductivity of the wallet (error of less than 15% when compared to the value measured with the hot wire apparatus), and for both external surface (left or right) and the direction of the thermal gradient (from left to right or the opposite). The same observation can also be made for the two surface sensors. These results thus provide confidence on the setup protocol for the flow meters, and the temperature sensors.
On the contrary, a significant difference can be observed between the theoretical value of the thermal conductivity and the measurements of the temperature sensor called "middle from right surface". Indeed, looking at Figure 2 , it can be noticed that the measured temperature is very close to the air temperature of the right side of the wallet, which suggests the presence of an important thermal bridge between the sensor and the climatic chamber. This leads to a decrease, almost divided by two, of the thermal conductivity in comparison with the one measured on the left surface, and an important increase (4 to 5 times) in comparison with the one measured on the right surface, from which the temperature sensor was inserted.
As a consequence, even if this experimental bias should be limited when the width of the wall increases, the sensor introduction along the thermal gradient propagation should be avoided as much as possible. In any case, every temperature measurement realized with this configuration should be interpreted taking into account this possible bias.
Impact of sensors locations within the 3.3 wall
The investigation of the sensors locations within the wall was made on the hemp concrete wallet plastered with a mix of lime and sand. The measurements were realized considering two temperature steps. The "15-25" step has consisted in holding at 15°C the left climatic chamber while the right one was hold at 25°C. In the "30-40" step, the left chamber was at 30°C and the right one at 40°C. The pseudo-static state was assumed to be reached when the values given by the two heat flow meters were constant and almost opposite from one surface to another. The heat flux measured for these two steps at the pseudo-static state, as well as the data from all the temperature sensors (either at the surfaces or within the wallet) are reported in Table 2 .
These values are then used to calculate the thermal conductivity through the relation (1). The results are gathered in Table 3 . Table 3 . Calculation of the apparent thermal conductivity of hemp concrete and plaster by using the internal, surface and flow meter on the surface of the plaster. The "distance" line corresponds to the distance between the two sensors used to estimate the thermal conductivity. The error corresponds to the relative difference between the measured and reference values of the material, obtained by hot-wire tests. Hemp concrete (mW•m No matter which combination is considered, the resulting thermal conductivity is equal to 130+/-20 mW•m -1
•K -1 which is in the line with the value obtained with the hot wire apparatus. This result is not surprising since it is consistent with the pseudo-static state assumption. It gives nevertheless some confidence of the protocol used to insert the sensors within the wall. Regarding the plaster, the same comparison is made but the temperature difference between T sL and T E appears to be in the range of measurement uncertainties, and the methodology presented here was not able to reach the value of 1±0.1 W•m -1
•K -1 obtained with the hot wire apparatus for the 15-25 step.
Note that these measurements were made on hemp mortar mixed in the laboratory and not on sprayed mortar, which leads to a better knowledge of the samples final density and enables a better comparison of the measurements between the wallet and the samples used with the hot wire apparatus.
Influence of the hygrothermal coupling on 3.4 thermal measurements
Another aspect that has to be considered when dealing with such materials, is the hygrothermal coupling, i.e. the mutual influence of temperature and hygric states on thermal and hygric properties. For that purpose, a test was made on the hemp concrete wallet for which the left climatic chamber temperature was held at 30°C while the right one was held at 40°C. The two climatic chambers were initially at a relative humidity of 50%. After a stabilization period (of about one week), a sudden increase of relative humidity from 50% to 80% was performed in both climatic chambers. After another stabilization period of 8 days, a sudden decrease of relative humidity from 80% to 50% was imposed within both climatic chambers. The results were analyzed through the measurement of the global thermal transmittance of the wall, denoted by U, and equal to:
where anf are respectively the temperature within the left and the right climatic chambers.
The transmittance is key parameter for thermal assessment of buildings since it given a direct assessment of the global thermal performance of a wall. It is linked to the thermal conductivities of the elements composing the wall through the relation:
where , and , are the thermal resistances of the wall surfaces, is the thickness of the component i of the wall and is its thermal conductivity.
The protocol to properly measure the thermal transmittance of a wall is provided in the ISO 9869-1:2014 standard. The principle consists in measuring the heat flux at a surface of a wall as well as the temperature of the ambiances near the wall. This measurement must be made under a permanent (or pseudo-permanent) state. However, the measurement of thermal transmittance can happen to be more difficult for hygroscopic materials. Indeed, even if internal and external temperatures remain stable, relative humidity variations can induce parasite phenomena leading to a perturbation of the collected data. This phenomenon is illustrated in Figure 3 . Indeed, before the increase of the relative humidity within the climatic chambers, the thermal transmittance of the 10cm-thick hemp concrete wallet is measured to be 1.
, which is quite consistent. However, just after the sudden increase of the relative humidity, a significant increase of the transmittance is observed (of about 60%) when the measurements are made using the heat flow meter located at the colder surface. The opposite was observed after the sudden decrease of relative humidity within the chambers. This is due to the hygrothermal processes occurring within the hemp concrete wallet, and in particular, the power supplied by the water adsorption process and the power consumed by the desorption process. This measurement thus underlines that the heat flux induced by the in-pore sorption/desorption processes is in the range of the one induced by a temperature difference of 10°C between the chambers for a plastered 10cm-thick hemp concrete wallet. 
Concluding remarks on the instrumentation 4 scheme
These different investigations enabled to draw some recommendations concerning the instrumentation scheme of hemp concrete walls, which is illustrated in the Figure 4 . At first, the results show that the use of the flow meter and internal sensors is possible to estimate the thermal conductivity of hemp concrete. The value obtained with the sensor T1 (closest to the interface between the plaster and the hemp concrete) is the furthest from the reference value. In order to increase the precision of the measurements, it is therefore preferable to space as far as possible the two temperature sensors used. On the other hand, this study shows that, using this method, further analyses are needed to estimate the on-site thermal conductivity of the coating. Indeed, because of the great difference in thermal conductivity between the hemp mortar and the coating, the thermal gradient within this latter becomes very low. It follows that the difference between the temperature at the surface of the coating and that at the interface between the coating and the hemp concrete is of the same order of magnitude as the accuracy of the measurements. In any case, to reach consistent results, the placement of the internal temperature sensors directly from the external surfaces should be avoided.
In addition, this study underlines that the measurement protocol of the thermal transmittance must be modified for hygroscopic materials. To quantify the impact of hygrothermal effects on the measurement of thermal transmittance of the walls, a two-step method can be proposed. It consists in a first measurement on a wall subjected to low hydric variations in order to assess the "real" thermal transmittance in a steady-state case. Then, a second measurement should be performed on the same wall when subjected to its normal hydric variations. In this way, the evolution of thermal transmittance due to hygrothermal effect could be monitored. Note that, for both cases, temperatures have to remain reasonably stable from one side to the other side of the wall, which implies to protect from solar radiation.
At last, the investigation points developed in this study are part of the global goal described in the introduction, but further studies are needed to provide a complete instrumentation protocol for buildings monitoring. Among them, the question of measuring the hygric properties of these materials on site remains difficult as the effective thickness is only few centimeters. Anyway, regarding hygric monitoring, when possible, it is advised to place ducts within the wall in order to introduce relative humidity sensors after construction.
